We have derived relations between full-width-half-maxima and equivalent widths of metallic absorption lines in the spectra of RR Lyrae stars to estimate new upper limits on the axial equatorial rotational velocities of RR Lyrae and metal-poor red horizontal branch stars (RHB). We also have derived the variations of RR Lyrae macroturbulent velocities during the pulsation cycles. In RRab cycles the line widths are dominated by phase-dependent convolutions of axial rotation and macroturbulence, which we designate as V macrot . The behavior of V macrot is remarkably uniform among the RRab stars, but the behavior of V macrot among RRc stars varies strongly from star to star. The RRab stars exhibit an upper limit on V macrot of 5 ± 1 km s −1 with weak evidence of an anti-correlation with T eff . The RRc minima range from 2 to 12 km s −1 . The abrupt decline in large rotations with decreasing T eff at the blue boundary of the instability strip and the apparently smooth continuous variation among the RRab and RHB stars suggests that HB stars gain/lose surface angular momentum on time scales short compared to HB lifetimes. V macrot values for our metal-poor RHB stars agree well with those derived by Fourier analysis of an independent but less metal-poor sample of Carney et al. (2008); they conform qualitatively to the expectations of Tanner et al. (2013) . A general conclusion of our investigation is that surface angular momentum as measured by V rot sin(i) is not a reliable indicator of total stellar angular momentum anywhere along the HB.
INTRODUCTION
Variations of turbulence during the pulsation cycles of classical Cepheids (Breitfellner & Gillet 1993 , Stift & Gillet 1994 , Bersier & Burki 1996 and RR Lyrae stars (Chadid & Gillet 1996 , Fokin et al. 1999 ) have been welldocumented. Individual studies have different definitions of turbulence and procedures for its extraction from stellar line profiles. The disentanglement of stellar line broadening due to axial rotation from turbulence, however defined, is difficult in all of these investigations, which mainly have been concerned with the genera- of Ca i 4425.44Å and Fe i 4427.32Å, two unsaturated lines in the spectrum of RRab X Ari. The black dots represent the observed spectrum. The magenta line is the raw synthetic spectrum, broadened only by thermal and microturbulent velocities assumed in the spectrum computations. The dark green line shows the raw spectrum broadened by the spectrograph slit function only. Bottom panel: The same observed spectrum is compared to two synthetic spectra. Each of these has the same thermal, microturbulent, and spectrograph slit broadening, but the red line has V mac = 4.0 km s −1 and V rot sin(i) = 6.0 km s −1 , and the blue line has V mac = 7.5 km s −1 but no rotational broadening. A small vertical shift has been added to the blue line for plotting clarity.
tion of turbulence and its effect on pulsating atmospheres. This problem of disentanglement is illustrated in Figure 1 , which shows observed and synthetic spectra of the X Ari, a very metal-poor (Fe/H] = −2.6) RRab star, at phase φ = 0.37. In the top panel we show a computed spectrum (magenta color) of a small spectral region containing the Ca i 4425.44Å and Fe i 4427.32Å lines. This spectrum was generated with the synthetic spectrum software and model atmosphere parameters described by Chadid et al. (2017) and transition probabilities were adjusted to match the equivalent widths (EW s) of the two main lines. This computed spectrum only has line broadening that results from thermal and microturbulent velocity, and clearly does not match the observed spectrum (black dots). The dark green spectrum shows this synthesis with added Gaussian smoothing to account for the du Pont echelle spectrograph slit function (R ≡ λ/∆λ 27,000, or full width half maximum F W HM 0.16Å at 4426Å). This accounts for most but not all of the observed line profiles. The bottom panel shows two convolutions with identical F W HM values but very different Maxwellian macroturbulent and rotational parameters (blue, V mac = 7.5 km s −1 , V rot sin(i) = 0.0 km s −1 ; red, V mac = 4.0 km s −1 , V rot sin(i) = 6.0 km s −1 ). These profiles appear to be nearly identical in the wings. Because rotation remains virtually constant during a pulsation cycle, any variation of F W HM with phase must be due to thermal and turbulent motions of gas elements within RRab atmospheres.
For 27 RRab stars Peterson et al. (1996) found a minimum F W HM value near pulsation phase φ = 0.35, the approximate phase of maximum radius, derived from cross correlation of metal lines for radial velocity during the stellar pulsation cycles. They argued that the variation of F W HM during pulsation cycles is due to variable turbulence and the minimum value is an unresolvable combination of turbulence and axial rotation. They derived an upper limit of V rot sin(i) < 10 km s −1 for the RR Lyrae stars, similar to that reported for classical Cepheids by Bersier & Burki (1996) .
On the other hand, many blue horizontal branch (BHB) stars with T eff < 11500 K 1 are rapid rotators, some attaining V rot sin(i) ∼ 40 km s −1 (Peterson et al. 1995 , Behr 2003a ,b, Kinman et al. 2000 , Recio-Blanco et al. 2004 ). Standard HB theory tells us that if these BHB rapid rotators evolve with constant Luminosity and constant angular momentum, then their rotation rates will go as V rot sin(i) ∝ T eff 2 . In this case many of them will pass through the instability strip rotating more rapidly than V rot sin(i) ∼ 10 km s −1 . None of them do so; hence the "Peterson Conundrum".
Here we address this puzzle by the study of additional samples of RRab and RRc RR Lyrae variables and red horizontal branch (RHB) stars. In §2 we describe the spectroscopic data sets and our extraction of observed broadening of metallic lines for each star in individual pulsation phases. In §3 and §4, for RRab and RRc stars, we derive V macrot quantities, which are combinaions of macro-turbulent and rotational broadening effects. We compare the V macrot values to values of micro-turbulent velocities V mic . In §5 we derive values of V macrot for very metalpoor RHB stars and compare them to values for RHB samples used in previous studies. Finally, we consider implications of the complex behavior of V macrot along the horizontal branch in §6.
OBSERVATIONS AND PROCEDURES
2.1. The Observational Database 1 As first noted by Grundahl et al. (1999) HB stars with T eff 11,500 K have normal (approximately solar) [X/Fe] values, while HB stars hotter than this value display abundance anomalies commonly associated with radiative levitation and gravitational settling (e.g., Michaud et al. 1983 , Quievy et al. 2009 , Théado et al. 2012 . We adopt 11500 K as the upper temperature boundary for BHB stars to be included in our discussion.
The main observational data for this study were provided by several thousand echelle spectra of 35 RRab stars and 19 RRc stars acquired with the du Pont 2.5 m telescope of the Las Campanas Observatory in the years 2006−2014.
2 Typical spectral resolving power is, as introduced above, R ≡ λ/∆λ 27,000 at λ5000Å. Exposure times are limited to small fractions of the stellar pulsation periods, never exceeding 600 s ( 0.01P ) and the typical signalto-noise ratio is S/N ∼ 15 to 20. The S/N was improved by factors of two or more at all phases by co-addition of spectra in small phase intervals. Reduction procedures that resulted in wavelength-calibrated extractions of du Pont echelle spectra are described in detail by For et al. (2011a) and need not be repeated here. Basic data for the program stars are given in Table 1 , where stars are listed in groups discussed in §3−5 below. For this paper we split the stellar sample into stars that are metal-poor (MP, [Fe/H] < −1), and those that are metalrich (MR, [Fe/H] ≥ −1), consistent with the definition adopted by Chadid et al. (2017) , Sneden et al. (2017 Sneden et al. ( , 2018 . The mean temperatures for the RRab stars in this table are taken from Skarka (2014) , and those for the RRc stars (which have only small T eff variations) are an assumed constant value of 7100 K. Standard deviations accompany average values when more than one estimate is available.
We also obtained many du Pont echelle spectra of the well known very metal-poor ([Fe/H] < −2) subgiant HD 140283 which we used as a radial velocity standard. This star has been analyzed repeatedly with high spectral resolution, and the mean of entries in the PAS-TEL database (Soubiran et al. 2016) suggests T eff = 5700 K, log g = 3.6, and [Fe/H] = −2.4.
2 Spectra used in this investigation can be obtained at https://zenodo.org/record/2575102 HD 140283 has much narrower absorption lines than RR Lyrae and other HB stars.
Observations of 24 very metal-poor RHB field stars stars were obtained with the Magellan MIKE spectrograph (Bernstein et al. 2003) in a mode that delivered R 40,000. The combination of Magellan's larger aperture and longer exposure times yielded S/N > 100 at 5000Å in all cases. Reductions and analyses of the Magellan/MIKE spectra are discussed in Preston et al. (2006) .
Procedure
We first derived estimates of line-of-sight velocity dispersion caused by the combination of macroturbulence and axial rotation, after removal of all other measurable line broadening sources. In this section we discuss how we avoid line damping problems and how we correct for instrumental broadening. Then in §3 we consider the effects of microturbulent and thermal broadening.
Cross correlation procedures developed to study galactic and stellar rotation (Simkin 1974 , Tonry & Davis 1979 , 1981 are not useful for RR Lyrae stars. During typical RR Lyrae pulsation cycles temperatures vary by as much as 1000 K, effective gravities vary by more than an order-of-magnitude, and turbulent velocities vary by amounts greater than their axial rotations. No stars in the CMDs of old metal-poor populations can serve as suitable templates for variable stars with these characteristics. Accordingly we developed a variant of the method adopted by Hosford et al. (2009) , described in §2.2.1 below.
Elimination of Line Damping Effects
For each spectrum we measured F W HM and EW of metal lines chosen from a list of some 200 unblended lines (mostly due to Fe i) in the wavelength range λλ4100−5300Å that we judged to be unblended by inspection of the solar line identifications of Moore et al. (1966) . These lines are listed in Table 2 . Less than half of them proved to be measurable in any particular spectrum. We expect that these lines are unblended in our spectra of RR Lyrae and RHB stars and in the spectrum of HD 140283. Measurements of these lines are labeled with subscript "meas". Then, using two methods described below, we culled from these measurements subsets of unsaturated "plateau" lines for each of the observed pulsation phases of each RR Lyrae star. The measurements of lines surviving this cut are labeled with subscript "plat".
(1) Our spectra with characteristic S/N ∼ 20 to 30 and resolution of R ∼ 27,000 are inadequate for direct detection of rotation profiles or analysis by Fourier methods. Hence, our recourse was to use a variant of the procedure of Hosford et al. (2009) , who determined empirically the average minimum widths of weak metal lines as part of their study of lithium in metal-poor main sequence turnoff stars (T eff ∼ 6200 K, log g ∼ 3.8). They demonstrated that in a plot of EW versus F W HM , lines of their stars with EW < 90 mÅ lie on a "plateau" of constant F W HM free of detectable damping wings; see their Figure 1 . We found this procedure to be adequate for our purposes. We followed Hosford et al. (2009) In somewhat hotter RR Lyrae stars, more metal poor by one to two orders-of-magnitude, depression of the continuum by hosts of weak unresolved lines is of greatly diminished importance. The effect of line opacity on the energy distributions of solar-type stars was treated in detail long ago by Melbourne (1960) and Wildey et al. (1962) . Such stars display a marked decline in atomic line blanketing with increasing wavelength from 4000Å to 5500 AA. This is illustrated in Figure 1 All of our measures of EW and F W HM were made by use of the Gaussian profile fitting routine of IRAF/splot. In this procedure the computer operator chooses the local continuum level at each stellar line by interaction with a graphic display of the spectrum. If unrecognized metallic lines were preferentially depressing the adopted continua at shorter wavelengths, we should see this effect as a positive correlation of FWHM with wavelength, but there are no such correlations in Figure 3 , displayed for plateau lines at phases near V macrot minimum (phase φ ∼ 0.38) in the wavelength range 4000−5300Å. The stars in this montage are displayed from top-left to bottom-right in order of increasing [Fe/H] . It is instructive to note that the plateau value F W HM plat ∼ 15 km s −1 is very nearly the same for all stars plotted in the montage except for Z Mic, a remarkable result that will be further documented in §3.1.1 by the small dispersion of V macrot minima near phase 0.38. We conclude that continuum placement is not a problem at phases near V macrot minimum, when the lines are narrowest and of greatest interest to us.
We used an upper bound to the plateau of 80 mÅ to identify the onset of increases of F W HM meas with increasing EW due to damping in our RR Lyrae spectra. Because the Hosford et al. spectra had nearly double the resolving power (R = 47,000) and many times higher signal-to-noise ( S/N ∼ 100) than those of our RR Lyrae spectra, they were able to measure metal-lines as weak as 5 mÅ. We did not trust our lines with EW < 40 mÅ to yield reliable F W HM because of a "personal equation" effect that we found in our measurements of weak lines, i.e., those for which central depths are comparable to continuum noise of the spectra. Accidental negative noise in the wings of a line tends to produce broad absorption features that we frequently regarded as unmeasurable. However, accidental positive noise in the wings tends to produce spuriously narrow but easily measurable features. These effects become more important with decreasing spectral resolution and S/N , becoming particularly noticeable near minimum light (pulsation phase φ ∼ 0.85), when the lines become broad. Decisions about measurability will vary from one person to another, and for the same person at different times, hence "personal equation". The systematic effect arising from these biases, derived from measurements of hundreds of lines in eight RRab stars at all pulsation phases, is small but detectable (1.07 km s −1 ± 0.65 km s −1 ). The effect varies with pulsation phase, going through a minimum near phase φ 0.35 when the lines are intrinsically narrowest. To summarize, we calculated the average F W HM plat in the more restrictive domain 40 mÅ < EW < 80 mÅ.
(2) The damping regression for EW > 80 mÅ produces a second, independent estimate of F W HM plat . This regression considers stronger, more accurately measured lines than those that lie on the plateau. Its numerical value, derived by the method of least squares for each spectrum, depends only slightly on the choice of the plateau EW upper limit. The utility of this regression evaluated at EW = 80 mÅ as an estimator of the plateau value is simply an empirical fact, supported by the statistical comparisons of Regression and Plateau estimates in Figure 4 . The top left panel of this figure is a histograms of 370 measured differences that we define as F W HM (R − P) ≡ F W HM (regression at EW = 80 mÅ) minus F W HM (plateau) for RRab stars binned at intervals of 0.5 km s −1 . The average difference, F W HM (R − P) = 0.35 ± 0.05 km s −1 , is smaller than the measurement errors. The lower two panels of Figure 4 show that there is little variation of the difference with either pulsation phase or F W HM . Which of the two estimates is more reliable depends in a complicated way on S/N and metallicity. The regression values are valuable for observations made during rising light and for metal-rich stars, situations in which we frequently are unable to measure weak lines.
We adopt the average of these two estimates as our final value of F W HM plat when both are available.
Correction for Instrumental Line Broadening
Instrumental broadening is comparable to the intrinsic widths of metal lines in our RR Lyrae spectra, so careful removal of it is important for the success of our analysis. We used the profiles of emission lines produced by a ThoriumArgon hollow cathode tube (hereafter ThAr) to remove the effects of instrumental broadening. The ThAr exposures were obtained by equipment and procedures described below.
The optical paths of starlight and ThAr light for the du Pont echelle are nearly identical except for central obscuration of some stellar light by the Cassegrain secondary mirror. A lens with the focal ratio of the telescope projects an image of the ThAr hollow cathode onto the entrance aperture of the spectrograph by a motor-operated mirror inserted into the tele-scope beam. ThAr spectra were obtained before and after observations at each position of the telescope. When we followed a star for lengthy intervals of time, we recorded the ThAr spectrum at intervals of 20 to 60 minutes; time intervals between ThAr exposures varied as required by various combinations of airmass, declination, and hour angle. We co-added successive pairs of ThAr exposures to make wavelength-calibrated extractions of stellar spectra obtained between successive pairs.
The temperature dependence of the focal adjustment of the echelle spectrograph is wellcalibrated. This calibration was employed to alter the focus of the spectrograph on those rare occasions when significant temperature variation during the night required its use.
Following the suggestion of an anonymous referee, we also measured the F W HM of the [O i] 5577Å airglow line, which lies some 200Å longward of the upper limit of the spectral region used in our analyses, on all of the stellar spectra obtained on a dozen nights in the years 2006 through 2012. We compare these airglow measurements with measurements made of ThAr spectra obtained on these same nights in an Appendix.
We approximated corrections for all line broadening processes by use of the additive property, σ a = (σ
2 , of the Maxwell velocity distribution, in which a, b, c are parameters of the Gaussian error function. We assume that for RR Lyrae stars the turbulent velocities on all length scales are isotropic throughout the metallic line-forming regions. To begin, we remove the effect of instrumental broadening, characterized by F W HM inst , from average values of F W HM plat to obtain F W HM unsat , according to
in which F W HM inst is an average value described below. We then convert F W HM unsat to a Maxwellian velocity dispersion by use of σ unsat = (2 √ ln2) −1 F W HM unsat . All further corrections are made in units of line-of sight velocity dispersion σ.
Removal of instrumental broadening was made to the average value F W HM plat rather than to values of individual lines, because some measured widths of unsaturated lines may be narrower than F W HM inst . These narrowest lines belong in the average of a normal distribution, but they cannot be corrected for instrumental broadening by equation (1).
F W HM inst was evaluated as follows: We measured 591 FWHM values of some four dozen lines in each of 14 Thorium-Argon (ThAr) spectra chosen at random from spectra gathered in the years 2006−2012. Details of this investigation are given in the Appendix. We used the average value of all these measurements, F W HM inst = 11.36 ± 0.52 km s −1 in equation (1) to calculate F W HM unsat for each RR Lyrae spectrum. This velocity corresponds to resolving power R = 26,700 ± 200, very close to the value of R 27,000 usually adopted for the du Pont echelle spectrograph.
For the calibration stars in Table 1 we have enough spectra to construct F W HM meas versus EW relations throughout their pulsation cycles. For each star we combined observations made over several years into small phase intervals (∼0.05P ) to increase S/N . The average numbers of phase bins for MP and MR stars are 22 and 18, respectively. For each spectrum we used IRAF/splot 3 to measure EW and F W HM meas for all usable lines in our list. Results from these measurements are listed columns 6 through 9 of Table 1 .
From the F W HM meas versus EW diagrams, direct evidence of the variation of macroturbulence with pulsation phase is easily seen. In Figure 5 we illustrate this variation for WY Ant with diagrams for eight phases during its pulsation cycle. The F W HM meas plateau value is high (∼23 km s −1 ) immediately after maximum light (φ =0.065); see the top left panel of Figure 5 . It reaches a minimum (∼15 km s −1 ) in the bottom left panel, and increases steadily during the remainder of declining light shown in the right panels.
The F W HM plat subsets of these measurements were converted to F W HM unsat by equation (1), and from these to V macrot . The F W HM plat value is similar to the damping under cooperative agreement with the National Science Foundation.
regression value at all phases, as shown in the middle panels of Figure 4 . In Table 1 we provide estimates of the minimum value of V macrot for each star, calculated as the average V macrot for observations that lie in the phase interval 0.30 < φ < 0.45.
The Behaviors of Macroturbulence and
Microturbulence in RRab stars 3.1.1. The Stable RRab stars Microturbulence, produced by motions on length scales smaller than the photon mean free path, broadens all spectral features but for weak lines (on the linear portion of the COG) the EW s are unchanged. Microturbulence will desaturate lines on the damping portion of the COG, thus increasing their EW s. Fortunately, V mic can be derived from spectrum analysis (Gray 2008 ) with standard codes (e.g. Sneden 1973) . We used the microturbulence values of For et al. (2011b) in our calculations. Macroturbulence, produced by motions on length scales large compared to the photon mean free path, acts to broaden all absorption lines. Macroturbulent velocities exceed microturbulent velocities of Richardson's (1920) eddies using the Siedentopf model of turbulent convection (Woolley & Stibbs 1953 , Ruediger 1989 ) to which we subscribe.
After computing σ unsat = (2 √ ln2) −1 F W HM unsat for each spectrum of each star, we removed microturbulent and thermal velocity dispersions. These quantities were taken directly or computed from the atmospheric parameters for RRab stars derived by For et al. (2011b) and Chadid et al. (2017) . In Figure 6 we show the variations in T eff , log g, V mic , and V th as functions of pulsation phase for these stars. here only for completeness, as we will not use them in our subsequent calculations. Additionally, all quantities show significant scatter in the phase domains of rising and maximum light (0.8 < φ < 1.1); these parts of the pulsational cycles will not be used here.
We computed thermal velocities from V th = (2kT/m) Figure 7 . The top and bottom panels contain, respectively, data for MP and MR stars.
We also calculated average variations of V macrot with phase, the solid curves in Figure 7 , as follows. We sorted all the data by phase and then calculated averages φ and V macrot for data binned in successive groups of 10 measurements. We superpose the mean MP and MR curves without the individual data points in Figure 8 . Minimum V macrot values for all the RR Lyrae stars in this investigation and for the MP RHB stars to be discussed in §5 are presented in Table 1 . The minimum averages, computed from data for each RRab in the phase interval 0.30 < φ < 0.45, are 5.31 ± 0.13 km s −1 and 4.40 ± 0.22 km s −1 , respectively. These averages differ by an amount three times larger than the sum of their mean probable errors. Furthermore, the persistent offset of the two variations after phase φ = 0.5 in Figure 8 indicates a small but real difference between the behaviors of V macrot in MP and MR stars.
Although we can only claim that the V macrot minima in Figure 7 provide upper limits on V rot sin(i) for the MP and MR RRab, the small scatter of individual stars near these minima strongly suggests that macroturbulence, not rotation, dominates the minimum values. Random inclination of rotation axes alone should create dispersion in the minimum values, and we are uncomfortable with the notion that all RRab stars rotate at the same speed: thus, the actual rotations of RRab stars may lie well below our calculated upper limits.
The Blazhko RRab stars
Complex variations of metallic radial velocities and line widths of Blazhko RRab stars near their light maxima (RV minima) defy summary description. One example, UV Oct, is shown in Figure 9 . The incomplete sampling of Blazhko phases for UV Oct is typical for the Blazhko stars in our data set. Because phases near maximum light contribute nothing to our exploration of axial rotation, we restricted our attention to observations made during declining light Table 4 .
(0.20 < φ < 0.55), where line-widths of stable RRab stars achieve their minimum values. The ephemerides in Table 3 produce phases of radial velocity minima near zero for our Blazhko variables (Chadid & Preston 2013, Preston, unpublished) . Values of V macrot plotted versus these phases are displayed in Figure 10 . Modest phase corrections, adopted by eye-inspection and listed in column 4 of Table 3 , were added to phases calculated with these ephemerides to reduce horizontal scatter in this figure. Black line segments connect mean points of observations calculated at intervals of 0.05P. The lowest mean point, V macrot = 4.77 ± 0.32 km s −1 , occurring at φ = 0.38, is slightly smaller than the mean value for stable RRab stars, V macrot = 5.31 ± 0.13 km s −1 . Stable RRab and Blazhko RRab stars yield the same upper limit on axial rotation of 5 ±1 km s −1 .
An Empirical "Spectrum of Turbulence" in RRab Stars
For stable RRab stars we combine the variations of macroturbulence ( Figure 7 ) and microturbulence ( Figure 6 ) by forming their ratio. The microturbulent velocities for these stars were derived by For et al. (2011b) and Chadid et al. (2017) from phase-combined spectra and so there are fewer of these values than those of V macrot . This is especially true of the Chadid et al. results, which were usually based on only 3 or 4 combined phase points. We matched phases of V macrot and V mic data for as many points per star as possible, interpolating the V mic values where possible and not attempting any extrapolations into phase intervals not covered by both data sets. The results of this exercise are displayed in Figure 11 , where MP and MR stars are distinguished by different symbols and colors. Solid line segments connect mean values of data points calculated in phase intervals of 0.05P. These mean points are listed in Table 4 . This variation of the V macrot /V mic ratio with phase is in accord with the minimal requirements of Richardson (1920) , Kolmogorov (1941) , and the Siedentopf model (Woolley & Stibbs 1953 ) at all phases, namely, that V mac always exceeds V mic . We offer this ratio as a primitive empirical description of a "spectrum of turbulence", defined by the two length scales associated with macro-and micro-turbulence, in RRab atmospheres during their pulsation cycles.
V macrot FROM EWS AND FWHMS OF RRC STARS
The measurements of EW and F W HM meas for the RRc stars and the conversion of these measurements to estimates of V macrot proceeded in the same manner followed for RRab stars in §3.
We chose lines for measurement from the same line list. Because the RRc stars are systematically hotter than the RRab stars, metallic absorption lines are systematically weaker. However, the agreement between plateau and regression estimates shown in Figure 4 is hardly impaired: F W HM (R − P) = 0.46 ± 0.06 km s −1 for RRc stars, is only 0.11 km s −1 larger than the value derived for RRab stars, 0.35 ± 0.05 km s −1 . The variations of V macrot with phase for RRc stars, presented in the top panel of Figure 12 , differ markedly from the uniform behavior of the RRab stars in Figure 7 . Minimum values of V macrot occur at earlier phases, near phase φ = 0.3, and range from 2 to 12 km s −1 . Maximum values occur near maximum light. We create a characteristic variation of V macrot with phase in the bottom panel of Figure 12 by use of additive constants that superpose data for all stars near phase φ 0.25 at V macrot = 6.62 km s −1 , the mean value for the sample. This exercise is an instructive, albeit mathematically incorrect, way to combine the data. The amplitude of the solid black curve that connects mean points of individual observations is ∼4 km s −1 , much smaller than the amplitude for RRab stars (∼10 km s −1 ). We can understand the behavior of the RRc stars in the top panel of Figure 12 by noting that macroturbulent velocity amplitude, the difference between maximum and minimum values of V macrot achieved in a pulsation cycle, scales with pulsation amplitude for all RR Lyraes as shown by the regressions in Figure 13 . Accordingly, we imagine that less macroturbulence in RRc stars with their smaller pulsation amplitudes permits detection of smaller axial rotations in RRc stars than those encountered among the RRab. AS190212-4639 (4 km s −1 ) and AS143322-0418 (∼1 km s −1 ) are outstanding examples. The large upper limit of V macrot (∼12 km s −1 ) for RRc suggests that BHB rapid rotators adjacent to the instability strip lose their surface angular momentum during evolution through the RRc portion of the instability strip, a possibliity worthy of further exploration with better data. V macrot values for RHB stars of this study and the V sini values of Behr (2003b) and Carney et al. (2008) are plotted versus log T eff .
V macrot FROM EWS AND FWHMS OF METAL-POOR RHB STARS
We used Magellan MIKE echelle spectra (outlined in §2) to estimate V macrot for twenty-two MP red horizontal branch stars. We adopted F W HM inst = 7.20 km s −1 derived from ThAr lines to remove instrumental broadening, and we borrowed V th and V mic data from Preston et al. (2006) to calculate values of V macrot .
These V macrot values are systematically 1 to 2 km s −1 larger than those of the RRab stars and they decline smoothly with decreasing temperature along the RHB portion of the horizontal branch. This decline is shared by the values of V rot sin(i) derived by Behr (2003b) and Carney et al. (2008) as illustrated in Figure 14 . Behr (2003b) removed macro-turbulent broadening from his measured line widths by the conservative assumption that macro-turbulent velocities equal the micro-turbulent velocities derived from his spectrum analyses. The mean value and standard deviation of these values for the Behr sample presented here are 2.11 ± 0.44 km s comparable roles in the line broadening of the observed RHB stars", whereas Behr, by virtue of his assumed small macro-turbulent velocity, found that rotation dominates in his sample. The data assembled in Figure 3 of Grassitelli et al. (2015) Figure 14 we conclude that our V macrot values are very nearly V rot sin(i) values, i.e., the macro-turbulent velocities of our RHB stars lie below our limit of detectability.
We omitted HD 195636 (V rot sin(i) = 20.6 km s −1 , T eff = 5399 K, [Fe/H] = −2.74; Behr 2003b) from Figure 14 because it lies so far from the locus of all other metal-poor RHB. The star is an indubitable metal-poor, giant, rapid rotator (see discussion by Preston 1997) .
We seek an explanation for the small values of macro-turbulent velocities in our RHB sample in the work of Tanner et al. (2013) and Grassitelli et al. (2016) , who report that at a given effective temperature the optically thin super-adiabatic layers of model atmospheres with higher metallicity possess larger convective velocities. This is an abundance effect: higher atmospheric opacities produce optically thin layers in regions of lower gas density. Their calculations induced us to construct the metallicity distributions of the three RHB samples, which we display as histograms in Figure 15 . It is evident at a glance that major selection effects are present. The RHB stars of the present study were discovered in the course of high resolution spectroscopic investigations (Preston et al. 2006; Roederer et al. 2014 ) of the most metal-poor stars, [Fe/H] ≤ −2, identified in the survey of Beers et al. (1992) , while the samples of Behr (2003b) and Carney et al. (2008) were chosen by exploration of more abundanceinclusive, photometrically-defined samples. The content of the histograms is summarized in Table 6. The mean [Fe/H] values of this study and that of Behr (2003b) differ by one full orderof-magnitude.
The sample fractions with [Fe/H] > −1.7 in these three studies range from 0.0 to 0.8. This comparison of our very metalpoor sample with that of Carney et al. (2008) supports the conclusion of Tanner et al. (2013) : macro-turbulent velocities in the optically thin layers that produce metal absorption lines increase with increasing metallicity. Perhaps this presentation will stimulate renewed interest in abundance-dependent macro-turbulence on the horizontal branch.
DISCUSSION
In this paper we have combined high resolution spectra of RR Lyrae and RHB stars collected at Las Campanas Observatory over three decades with literature studies of RHB and BHB stars to derive rotation rates or meaningful upper limits for stars along the horizontal Figure 16 . Variation of V rot sin(i) (BHB stars) and V macrot (RR Lyrae and RHB stars) with log(T eff ) along the metal-poor horizontal branch. The black vertical line denotes the Grundahl limit at 11,500 K. For the instability strip the vertical lines are: the fundamental blue edge (FBE, blue); the first overtone red edge (FOR, green), and the fundamental red edge (FRE, red). Black parabolic trajectories define the regions of the instability strip traversed by BHB rapid rotators that evolve with constant Luminosity and constant angular momentum (V rot ∝ T eff 2 ).
branch. In Figure 16 we present a summary plot, showing V macrot or V rot sin(i) as a function of effective temperature along the HB. The astonishing variations of measured rotational velocity with T eff clearly indicate that surface angular momentum cannot be a proper measure of total angular momentum of stars along the HB.
To begin discussion of Figure 16 , we recall that the large values of V rot sin(i) for many metal-poor BHB stars first encountered by Peterson et al. (1995) at T eff < 11500 K were totally unexpected in view of the small projected rotational velocities (V rot sin(i) < 5 km s −1 ) of their evolutionary antecedents in globular clusters (Lucatello & Gratton 2003) . Then, the abrupt decline in rotation at the blue edge of the instability strip (Peterson et al. 1996) was an additional surprise, appropriately labeled a "conundrum" by Preston (2011) and Preston & Chadid (2013). This investigation reduces the upper limit of RRab rotation from 10 to 5 km s −1 , and additionally suggests that rapid BHB rotation disappears during RRc evolution. Should the arguments of Tanner et al. (2013) apply to RR Lyrae, the upper limit on RR Lyrae rotation would be further reduced.
Extant V rot sin(i) distributions differ from cluster to cluster in the Galactic halo. However, whether field and globular cluster HB star samples are drawn from the same parent population is an open question. The V rot sin(i) distributions of the Cortés et al. (2009) Figure 16 . Only a handful of the ∼150 known Galactic globular clusters have been investigated for rotation, and the field sample is limited to HB stars near the solar circle, so it is premature to draw firm conclusions about this issue.
The use of "during" in the description of RRc evolution deserves comment because of the complicated nature of HB evolution in and near the instability strip. This is best appreciated Figure 18 . Evolutionary tracks for HB stars with masses and abundances that bracket the models adopted by VandenBerg et al. (2016) for the globular clusters M5, M15, and M92. Blue, green, and red vertical lines mark the fundamental blue edge, first overtone red edge, and fundamental red edge of the instability strip.
by inspection of the evolutionary tracks of Lee & Demarque (1990) in Figure 18 plotted for Y = 0.23 with masses and abundances that bracket the models adopted for the metal-poor globular clusters M3, M15, and M92 by VandenBerg et al. (2016) . For nearly all of the models plotted in Figure 18 , approximately horizontal evolution at near-constant Luminosity toward higher effective temperatures occupies ∼2/3 of their horizontal branch lifetimes (see Figure 1 of de Santis & Cassisi (1999) ).
Second parameter issues play no role in our study. Evolution from the Zero Age Horizontal Branch (ZAHB) to higher temperature, the "blue loops" in Figure 18 is the result of a hydrogen-burning phenomenon common to all HB evolutionary sequences (Sweigart 1987 , Lee & Demarque 1990 , Castellani et al. 1991 , Dorman 1992 , Dotter et al. 2007 ) for reasons dis- Rood (1973) realized that these loops could not provide the range in HB color distributions required of a second parameter. However, the blue loops would act to blur the pattern of V macrot values of RHB and RR Lyrae stars seen in Figure 16 , were ZAHB stars to retain their initial surface angular momenta during migration from the RHB and/or RR Lyrae domains toward the BHB. For [Fe/H] < −1.6 evolution proceeds steadily from the BHB through the instability strip to the RHB and on to the AGB. However, for stars with [Fe/H] > −1.6, evolution can be quite complicated. As a consequence of stochastic mass loss, an RRc star-to-be may arrive on the ZAHB variously as an RHB, RRab, RRc or BHB star, all of these evolving to higher temperatures for most of their HB lifetimes. From the metallicity distributions of our RR Lyrae samples shown in Figure 19 we see that roughly half of them, those with [Fe/H] < −1.6, evolve monotonically from the BHB through the instability strip to the AGB. At higher metallicity a star can arrive on the ZAHB as an RHB star, evolve through the RRab and RRc states to the BHB and then go back across the instability strip to the AGB. However, Figure 19 indicates that the stars retain no memory of their initial ZAHB locations.
We observe a decline in mean V rot sin(i) during the transition from BHB to RRc; then a gentle rise in the transition from RRab to RHB, followed by a decline during subsequent RHB evolution toward the AGB. Absent a mechanism for altering the total angular momentum of HB stars, we attribute these regularities in behavior of V rot sin(i) among the RR Lyrae and RHB stars as indications that angular momentum is continuously being redistributed within these stars on time scales short, ∼10 7 y, compared to HB lifetimes. Sills & Pinsonneault (2000) discuss schemes for such redistribution.
As regards removal of surface angular momentum that might accompany mass loss during RR Lyrae evolution, the only credible investigation of which we are aware is the 3D numerical simulation of Stellingwerf (2013) , which produced a hot corona with outflow. Stellingwerf did not estimate the mass loss rate, and we are loathe to speculate in this matter. Whether or not these notions are correct, we believe that they are legitimate food for thought worthy of presentation to theoreticians.
Finally, we note the inclusion in Figure 16 of HD 195636 with log T eff = 3.732, V rot sin(i) = 20.6 km s −1 , [Fe/H] = −2.7 (Behr 2003b) lying far above all other RHB stars. We deliberately excluded this star from the discussion of §5 simply because it is such an egregious outrider. A long history of investigations, summarized by Preston (1997) , confirm that it is a very metal-poor RHB or AGB star with lines abnormally broad for its presumed evolutionary state. Further speculation about the history of HD 195636 is beyond the scope of this paper.
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APPENDIX

A. ESTIMATES OF F W HM inst OF THE DUPONT ECHELLE SPECTROGRAPH
We explore two ways to estimate the instrumental width, F W HM inst , of the duPont echelle spectrograph.
(1) Using procedures described in §2.2.2, we made 591 measurements of EW (arbitrary flux units) and F W HM (km s −1 ) in six echelle orders of fourteen ThAr spectra chosen at random from observations made during observing runs in the years 2006, 2007, 2009, 2011, and 2012 . The results are plotted in Figure 20 as a plot of F W HM versus EW , where the horizontal line represents the average value, 11.36 ± 0.52 km s −1 , of all the measurements, The average and standard deviation for the 151 strongest lines are reduced only slightly to 11.25 ± 0.45 km s −1 . Inspection of Figure 20 reveals an obvious skew toward larger F W HM values. This asymmetry arises from degradation of the echelle instrumental profile with increasing angular distance from the optical axis of the spectrograph. This degradation is due to optical aberrations and to inevitable slight tilt of the CCD chip with respect to the focal surface of the spectrograph camera.
We tested the hypothesis that skew is introduced by position-dependent aberrations by using the (x,y) pixel coordinates of ThAr the lines in the CCD image frames to calculate the radial distance We consider how our conclusions about V macrot depend on our choice of F W HM inst by calculating the difference in V macrot (5577) − V macrot (ThAr) as a function of phase. In Figure 23 we display these differences for the twelve RRab stars identified in the figure legend. In this exercise we used 10.86 km s −1 , the average for all measurements of [O i] 5577Å, and 11.36 km s −1 , the average for all measurements of ThAr lines. The smaller F W HM inst derived from [O i]5577Å produces larger V macrot values. These differences in V macrot , which vary with pulsation phase are generally smaller than 0.4 kmsec near phase φ = 0.38, the phase we use to set the upper limit on V rot sin(i). This difference, 0.4 km s −1 , provides an independent estimate of uncertainty in our upper bound of 5 km s −1 for the V rot sin(i) of metal-poor RRab stars. We prefer the larger F W HM derived from the ThAr lines, because these lines are distributed more nearly like those of the metallic absorption lines which occur at random locations in all spectral orders.
(3) Finally, consider the narrow-lined HD 140283, our radial velocity standard. It has a measured F W HM meas = 12.15 km s −1 that narrowly exceeds our adopted F W HM inst = 11.36 km s −1 . We calculate V macrot = 1.6 km s −1 for HD 140283 by use of these FWHM values, T eff = 5750 K, and V mic = 1.50 km s −1 . Collet et al. (2009) used their 3D hydrodynamic code to derive V rot sin(i) = 2.58 km s −1 for HD140283. The difference between their value and ours, 1.0 km s −1 , is consistent with our estimate of the uncertainty in our calculations, and it is unclear which of these two values is to be preferred. 
